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GENERAL INTRODUCTION 
Soil and water conservation continues to be an important 
natural resource issue in modern agriculture. Ridge planting, 
sometimes called ridge tillage, is a conservation tillage 
practice that is gaining popularity. Over the past 10 years 
in the U. S., ridge-till farming land has increased from 1.9 
million to 3.2 million acres, and in Corn Belt regions from 
267,255 acres to 799,646 acres (Source; Conservation 
Technology Information Center). 
In the northern U.S. Corn Belt, early corn fZea mays L.) 
planting is constrained by wet soil conditions and cool spring 
soil temperatures. Early planting of corn in this area is 
highly desirable. Planting on raised bed or ridge allows 
early planting, rapid crop emergence, and accelerated seedling 
development, particularly in poorly drained soils. The effect 
of a ridge on soil temperature was recognized as early as 173 3 
(Tull, 1829). More recently, the effect of ridge orientation 
on soil warming and corn emergence was identified (Burrows and 
Larson, 1962). Studies in general have shown that the ridge 
configuration contributes to a warmer and drier seed zone 
environment than that which exists with a flat configuration 
(Benjamin et al., 1990; Mahrer and Avissar, 1985; Radke, 
1982) . 
The impact of ridged surfaces on soil temperature is well 
established. However, the influence of different ridge 
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characteristics on soil temperature has seldom, if ever, been 
considered. While these impacts compared to those of ridge 
versus no ridge may seem subtle, only small temperature 
differences have important plant growth impacts (Walker, 
1969). Several laboratory and field studies have shown that 
corn emergence can be accelerated 1 day for each 5°C soil 
temperature increase in the range of 10-30°C. In central 
Iowa, the ideal soil temperature appears to be about 24°C 
(for corn growth at a 10 cm depth)(Willis et al., 1957). 
A secondary effect of ridge microtopography on soil 
temperature is through its impact on soil water content. As 
water content increases, thermal conductivity and heat 
capacity increase and result in delayed surface warming (Van 
Duin, 1956). Additionally, heat is consumed in evaporating 
water reduces heat available for soil warming (Radke, 1982). 
Ridges result in drier soils due to improved surface and 
internal water drainage (Shaw and Buchele, 1957), increased 
solar radiation flux on the ridge shoulder, and greater ground 
surface area per unit field area resulting in faster surface 
drying. 
Soil temperature is inversely related to surface residue 
coverage (Van Wijk et al.,1959 Burrows and Larson, 1962; 
Griffith et al., 1973). Residues which are not attached or 
connected to the ridge top fall and concentrate in the 
interrow (or furrow). In a ridged field, surface coverage 
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covered and the ridges nearly bare (Galloway et al., 1977). 
Ridge shape, i.e., height, shoulder slope, and ridge shape, 
should intuitively influence the amount of residues remaining 
oh the ridge and that accumulating in the furrow. This effect 
on residue distribution should affect both soil water content 
and temperature distribution with in the ridge and furrow. 
Ridge construction for a given crop normally occurs 
during cultivation for weed control the previous year. 
Cultivators are frequently modified so that, in addition to 
weed control, the cultivator builds the ridge were the next 
year's crop is planted. These implements typically have disk, 
shovel, or sweep attachments. Different tools have distinct 
mechanisms to move the soil: disks have a cutting and rolling 
motion, shovels operate by penetration and throwing, and 
sweeps push the soil from the interrows to the row center to 
build ridges. 
The influence of the various tools on ridge shape is 
modified by speed and depth of tool operation. Normally, 
higher speeds result in ridges that are sharper and more 
uniform than those developed at lower speeds (Bernack et al., 
1972). Other operational adjustments also influence ridge 
shape, however, shapes for a given operational adjustment are 
always consistent. Soil type and water content influence the 
final ridge shape and size (Triplett et al., 1970). 
Developing a favorable ridge for the succeeding crop 
during cultivation has typically been an art rather than a 
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during cultivation has typically been an art rather than a 
science. Improving the ability to develop the most favorable 
ridge for the succeeding year is highly desirable. The 
objectives of this study were to: 1) determine the effects of 
speed, depth, and type of tool on ridge form; and 2) evaluate 
the effect of ridge form on soil water content, soil 
temperature, and soil physical properties that influence the 
ridge soil environment prior to planting. 
Explanation of Dissertion Format 
This dissertation is presented as two papers to be 
submitted to a scientific journal in manuscript form. The 
first paper is entitled "Ridge Characteristics as Influenced 
by Ridge Building Technique." The second paper is ntitled 
"Ridge Building Technique Effects on Soil Physical 
Characteristics." Abstract, Introduction, Materials and 
Methods, Results and Discussion, Tables, and Figures are 
included in each paper. The two manuscripts are followed by a 
general summary, literature cited in the general introduction 
and summary, and appendices (not to be submitted with the 
manuscripts). 
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PAPER I. RIDGE CHARACTERISTICS AS INFLUENCED BY RIDGE 
BUILDING TECHNIQUE 
6 
ABSTRACT 
Ridge tillage allows earlier planting, rapid emergence, 
and accelerated seedling development, particularly in poorly 
drained soils. Ridge shape influences absorption of solar 
radiation, rainfall infiltration, and water drainage; thereby, 
controlling the early-spring soil environment. The effects of 
both ridge shape and size on selected soil physical 
properties( soil growing degree days, soil moisture, soil 
water retention, air-filled porosity, and penetration 
resistance) were studied in 1987 and 1988. 
Twenty seven ridge building treatments were established 
with five replications. Ridges were constructed with three 
tool types (disk, shovel, and sweep), each operated at three 
speeds (5, 7, and 9 Km/hr) and three adjustment depths (50, 
100, and 150 mm) in factorial combination. Configuration of 
the ridges in each plot before and after ridging was measured. 
The changes of field configuration were used to quantify the 
ground surface-air interface, which directly and indirectly 
affects solar radiation absorption, evaporation, gas exchange, 
and many other soil physical properties. 
Three shapes (convex, triangle, and concave-convex) were 
used to describe the resulting configurations. Ridges height 
ranged from 87 mm to 220 mm , the ridge cross-sectional area 
varied from 398 cm^ to 822 cmf, and ridge area index ranged 
from 1.12 to 1.32. Ridge classification based on shape and 
size of ridge were established. 
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INTRODUCTION 
Ridge tillage has been used in crop production crops 
since ancient times. Ridges were built to conserve water and 
soil; to protect young plants from cold, heat, wind damages; 
and to improve root development. In the northern U.S. Corn 
Belt, ridge tillage has been used to advance planting-time, 
induce rapid emergence, and accelerate seedling development, 
particularly in poorly drained soils. Early planting of corn 
fZea mays L.) in this area is highly desirable (Gupta at al., 
1989) . 
A goal of maximum production with minimum input has 
gradually become .a necessity for farmers. Farmers have become 
increasingly concerned with the complexity of conservation 
tillage and its environmental significance. However, 
adaptation of conservation tillage for corn production on 
poorly drained soils is limited because it often results in 
yield lower than that for corn grown under conventional 
tillage (Dick and Van Doren 1985; Griffith et al., 1973). 
Excess soil moisture early in the growing season is a 
major factor limiting the productivity of these soils, and 
tillage system which increase drying in the spring are the 
most productive (Ketcheson 1980). Ridge-tillage has been 
shown to accelerate drying and warming of the seed zone of 
moderately to well-drained soil (Potter at al., 1985; Al-Darby 
and Lowery 1987). Ridges speed up the drying process because 
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of gravitational drainage of the soil water and the increased 
solar radiation flux on the ridge shoulder, as well as surface 
contact expansion resulting in more evaporation. Mulch 
retards the drying and warming of the soil because of its 
insulating and reflecting effects (Radke, 1982). About 30 
percent of the soil surface is residue-covered in a ridged 
field, and these residues are mostly concentrated on the 
surface of the inter-rows (Galloway at al., 1977). 
Ridge configuration is the critical aspect of the ridge 
tillage system. Ridge form, height, cross-sectional area, and 
soil/air surface contact are characteristics which 
individually or in combination influence drying and warming. 
These characteristics are typically undefined and ridges are 
primarily referred to as large, high, and sharp or flat. 
There are few if any evaluation standards or indexes to 
quantify ridge characteristics. Additionally, ridge 
configuration and particularly ridge surface conditions at 
planting-time are major factors affecting planter operations. 
Ridges are built by farmers and researchers based on 
personal preferences, experience, and the availability of 
equipment. Many researchers provide no specification of 
equipment used, yet current American Society of Agricultural 
Engineers (ASAE) standards (ASAE, 1992) recognize that tools 
such as shovels and disks are available in several different 
configurations, each having different soil engaging effects. 
Gill and Vanden Berg(1968) suggested that soil condition after 
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tillage is a function of initial soil condition, tool shape, 
and manner of tool movement. Research indicates that tool 
travel speed may be an important factor in soil movement 
(Sohne, 1960; and Eidet, 1979; Dowell et al., 1988; Chase, 
1942) . 
Modified cultivators commonly used for building ridges 
utilize disks, shovels, or sweeps. Different tools have 
distinct mechanisms to move the soil: disks cut and roll the 
soil, shovels operate by penetration and throwing, and sweeps 
perform by pushing soil from inter-rows to ridges. However, 
little quantitative information exists on the effects of tool 
type on altered soil conditions and final ridge configuration. 
The speed of the ridge building tool has an effect on the 
ridge shape. Ridges are more uniform when developed at higher 
speeds (Bernack et al., 1972). Sharper ridges are constructed 
at higher speeds, however accurate operational travel speed, 
efficiency of operation, and required pulling power are 
additional practical considerations. 
The objective of this study was to determine the effects 
of the selected ridge construction factors of speed, depth 
adjustment, and tool type on ridge configuration. Design, 
geometry, soil flow, velocity, and other technical 
specifications of the soil-working mechanics for these tools 
were not investigated in this experiment. The primary focus 
was to determine final ridge configuration after operation. 
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MATERIALS AND METHODS 
The experiment was conducted at the Iowa State University 
Agronomy and Agricultural Engineering Research Center west of 
Ames, Iowa. The soil was predominantly Canisteo silty clay 
loam (fine loamy, mixed (calcareous), mesic Typic 
Haplaquolls). The experiment was conducted in 1987 and 1988. 
The experimental field was chisel plowed in the fall and 
disked prior to initiation of the experiment. Corn was 
planted each spring with a 5 row planter on 760 mm row 
spacings, in an East to West direction. The experiment was 
conducted at the latest date possible for effective 
cultivation and ridge building without damaging the crop. 
The completely randomized, experimental design involved 
five replications of 27 treatments. Treatments included three 
commonly used ridging tools (disk, shovel, and sweep) operated 
at three speeds (5, 7, and 9 Km/h) and three depths (50, 100, 
and 150 mm), in factorial combinations. Ridging tools were 
mounted on a 5 row tool bar with 760 mm spacing and were 
assembled as follows. 
The three ridging tool types are identified as a disk, a 
shovel, and a sweep. 
The Disk consisted of 6 depth-control colters mounted on 
the front of the cultivator, 4 complete 410 mm sweeps mounted 
in line with the center of the inter-rows, and two half sweeps 
mounted in line with the center of the outside inter-rows. 
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A pair of 400 mm diameter disk hillers was mounted in each 
inter-row and a single disk in each guess row. Disks were 
primary attachments to build ridges. Figure lA illustrates 
the disk assembly. 
The Shovel consisted of six depth-control colters mounted 
on the front of the cultivator tool-bar. A pair of 400 mm 
diameter disk hillers were mounted off-center in each inter-
row, and a single disk in each outside inter-row, to loosen 
the soil. Four complete shovels were mounted in line with the 
center of the interrows and two half shovels installed in each 
outside inter-row. Shovels were the primary ridge building 
tools. Figure IB illustrates the shovel assembly. 
The Sweep consisted of attachments similar to the shovel, 
except the shovels were replaced with sweeps outfitted with 
rear mounted wings designed to pushed the soil and residue 
into the row to build the ridge. Figure IC illustrates the 
sweep assembly. 
Experimental plots were 27.5 m long and 5 rows wide (3.8 
m). Wheel spacing of 2.3 m allowed the tractor to straddle 
three ridges, resulting in one ridge with no wheel traffic in 
the adjacent inter-rows and four with a wheel track in one 
adjacent inter-row. 
Measurements were taken 7.5 m from the plot edge to limit 
variation due to starting speed. Three 19 mm diameter 
polyvinyl chloride (PVC) pipes, 600 mm long were forced 
vertically into the soil at the center of the two outside rows 
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DISK RIDGING ATTACHMENTS 
rOOLBAr 
DISK MILLERS 
SWEEP 
SHOVEL RIDGING ATTACHMENTS 
DISK HILARS 
SMÛVEL 
jSHOVEL 
I.SX MILLERS 
SWEEP RIDGING ATTACHMENTS 
DISK HILLERS 
iWEEP 
S 
SWEEP • WING 
>I8K MILLERS OCfTH-CONTftOL OUK 
1. Illustration of the attachment configuration of 
ridging tools; Disk (A), Shovel (B), and Sweep (C). 
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and the center of the middle row to serve as benchmarks for 
measurements. Approximately 250-mm of these benchmarks was 
left exposed and they were leveled perpendicular to the row 
direction before ridge building (Fig 2). 
To determine ridge form and changes due to ridge building 
methods, a set of measurements was taken before and after the 
treatments (Fig 3). The form of the ridges was defined by 
placing a rillmeter (or profilometer equipped with pins at 20-
mm intervals) on top of the benchmarks. Photographs (Fig 4) of 
ridge microtopographies were transformed to scaled graphs for 
further analyses. Ridge heights, cross-sectional area, and 
the ridge soil/air surface contact changes were determined 
from these graphs. 
As microtopography of the field changes by tillage, 
ground surface contact with air will change. The changes of 
field surface area before and after ridge construction were 
used to quantify the ground surface-air interface, which 
directly and indirectly effects solar radiation absorption, 
evaporation, gas exchange, and many other soil physical 
properties. Ridge-tillage theoretically results in greater 
ground surface-air interface than flat tillage systems (Fig 
5). Figure 5 also illustrates the assessment procedure for 
this study. The ratio of flat surface to ridged surface 
across one row is referred to in this paper as RAI (Ridge 
Area Index). 
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CORN ROW 
WHEEL TRACK 
WHEEL TRACK 
MEASUREMEN TS AREA EXPERIMENTAL PLOT 
lENCHMARK 
7,5 m 
27,5 m 
Fig 2. Field plot diagram with measuring area. 
•fNOHMAHK 
BEFORE TILLAGE 
BBNOHMAnK 
AFTER TILLAGE 
SOIL SURFACE 
RIDGE SURFACE 
Fig 3. Illustration of soil surface and ridge shape 
before and after treatment. 
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ii'4J^ .il.».'!LyiiH' 
building 
WIDTH =cm 
25 
RIDGE SURFACE 15 m 
m 
•76 cm X FLAT SURFACE 
76 cm 
•76 cm 
SIX RIDGE WITH DIFFERENT HEIGHT , SAME FORM 
RIDGE HEIGHT WIDTH SURFACE AREA RIDGE SURFACE AREA 
cm (cm) cm^ ^ RAI 
FLAT SURFACE AREA 
0 76.0 76.0*C 76.0*C 76.0*C -= 1 .00 
5 76.5 76.5*C 76.5*C 76.0*C - = 1 .01 
10 79.0 79.0*C 79.0*C 76.0»C -= 1 .04 
15 82.5 82.5*C 82.5*C 76.0*C -- 1 .09 
20 87.2 87.2*C 87.2*0 76.0*0 -- 1 .15 
25 92.8 92.8*C 92.8*0 76.0*0 -- 1 
CM CV
j 
RAI: RIDGE AREA INDEX 
Fig 5. Illustration of ridge height effects on surface of a ridge, and how 
RAI was determined. 
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Three points on the ridge cross-section were selected to 
characterize ridge form. Point A, C, and B represent center 
of the ridge, shoulder, and midpoint between the two 
positions, respectively (Fig 6). Heights of each point from 
the furrow were determined by measured pin heights. Angle 
alpha was determined by measuring the slope of a line 
connecting the ridge midpoint to the ridge center and the 
ridge shoulder. Ridge forms were classified as Convex, 
Triangle, and Concave-Convex based on the relationship of the 
selected points (Fig 6). 
Analysis of variance of the main effects and interactions 
was performed by using the Statistical Analysis System (SAS) 
(SAS Institute, 1985). A comparison of means was performed, 
by using the LSD (0.05), where significant treatment mean 
squares were found. Analysis of Chi-square was used for 
evaluation of the ridge forms. 
Ridge Form Cliaracterization 
Convex 
If elevation from reference line of: 
A>B>C and 
or A<B>C and of: 
Triangle 
<160 
>160 
If elevation from reference line of: 
A>B>C and oi= >160 
Concave-Convex 
If elevation from reference line of: 
A<B>C andce= <155 
or A<B<C 
RIDGE CENTER 
1 
1 1 
1 1 
1 1 i 
A' 1 1 
* ^3-
xlc 
fff- • 1 i 1 
. 1 o 1 1 z 
Reference line 1' 1 
•^ 10 cm-^ '^ 10 cm-^  
M 
00 
Fig 6. Position and relationship of selected points on the ridge cross-section 
to classify the ridge form. 
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RESULTS AND DISCUSSION 
The effects of the selected ridge construction factors, 
including speed, depth and type of tools on ridge 
characteristic were analyzed from data collected in 1987 and 
1988. Three major ridge characteristics were; 1) ridge 
height, determined by measuring elevation of ridge top from 
the furrow center; 2) RAI, ratio of ground soil surface area 
across the row before and after ridge building; and 3) ridge 
cross-section area, representing the volume of ridged soil. 
Ridge Height 
The analysis of variance of ridge height is shown in 
Table 1. Ridge heights ranged from 8.7 cm to 22.0 cm, and 
were significantly effected by tool operational depths (Fig 
7). The depth and tool interaction also significantly 
affected ridge height, therefore it was analyzed separately by 
tool type (Table 2). Ridges built with the disk and shovel 
type tools did not show significant differences in height 
between the 10 and 15 cm depth adjustments, but ridges built 
with a sweep type tool showed a linear increase with depth 
(Table 2). Operational speed effects were also significant 
when ridges were built with shovel and sweep tool types. 
Ridge height difference appeared only between the slow speed 
(5Km/hr) and the fast speed (9Km/hr). Sweep type tool 
constructed the widest range of ridge heights and highest ridges. 
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Table 1. Ridge height (cm) analysis of variance. 
Source df Mean 
square 
P value 
Tool 2 9.332 0.2003 
Depths 2 580.973 0.0001** 
Speed 2 30.035 0.0066** 
Tool * Depths 4 38.131 0.0001** 
Tool * Speed 4 2.624 0.7656 
Depths * Speed 4 3.491 0.6558 
Tool * Depth * Speed 8 2.154 0.9309 
Error 108 5.717 
Fig 7. The effect of selected ridge construction 
factors on ridge height. 
Table 2. Height (cm) of constructed ridges by three different tool types. 
DISK SPEED (Km/hr) 
DEPTH (cm) 5 7 9 MEAN 
5 10.54 11.60 10.88 
0
 
H
 
H
 
10 15.84 17.64 16.62 16.70= 
15 15.94 17.72 17.80 17.15= 
MEAN 14.11= 15.65= 15.10= 14.95 
SHOVEL 
5 9.80 11.52 11.22 10.85b 
10 14.52 16.06 16.16 15.58= 
15 15.36 16.64 18.16 16.72= 
MEAN 13.23b 14.74=b 15.18= 14.38 
SWEEP 
5 8.74 11.06 10.00 9.93= 
10 11.82 12.66 14.54 13.01^ 
15 19.24 18.20 20.22 19.22= 
MEAN 13.27b 13.97=b 14.92= 14.05 
* Means followed by same letter in the same column or row are not significantly 
different at 0.05 level. 
No significant difference between the three tool types. 
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RAI 
The effects of the selected ridge construction factors on 
RAI are given in table 3. Depth of tool adjustments 
significantly affected RAI (Fig 8 and Table 3). The RAI 
increased as tool depth was increased, however, these changes 
varied with different tool types. Disk and shovel with depth 
adjustment of 10 cm and 15 cm did not significantly affect 
RAI, but the same depth adjustment had a significant effect 
with sweep (Table 4). Speed has different effects on RAI 
depending upon the ridge building tool type. Speed had a 
direct effect on the velocity of soil thrown from interrows to 
build the ridge at operation time, and also creating final 
ridge form, which changes the ridge surface configuration. 
RAI increase relates to the smoothness and overall elevation 
of the ridge. 
Ridge Cross-Sectional Area 
Ridge cross-sectional area is an indication of the ridge 
soil volume. Analysis of variance (Table 5) indicates depth 
adjustment of tool affects this characteristic, and Figure 9 
indicates that the deeper the tool is operated, the greater 
the cross-sectional area. Tool type also had significant 
effects on ridge cross-section area (Table 5). The disk and 
shovel constructed significantly smaller ridge cross-section 
areas with the shallow depth of operation than with the two 
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Table 3. RAI analysis of variance. 
Source df Mean 
square 
P value 
Tool 2 0.715 0.3606 
Depth 2 11.211 0.0001** 
Speed 2 0.574 0.4403 
Tool * Depth 4 0.211 0.8745 
Tool * Speed 4 0.670 0.4297 
Depth * Speed 4 0.298 0.7872 
Tool * Depth * Speed 8 0.287 0.9102 
Error 108 0.694 
Fig 8. The effect of selected ridge construction factors on 
RAI. 
Table 4. RAI of constructed ridges by three different tool types. 
DISK SPEED (Km/hr) 
DEPTH (cm) 5 7 9 MEAN 
5 1.12 1.17 1.16 1.15"* 
10 1.24 1.24 1.21 1.23= 
15 1.25 1.26 1.23 1.24= 
MEAN 1.20 1.22 1.20 1.21 
SHOVEL 
5 1.20 1.19 1.15 H
 
H
 
00
 cr 
10 1.23 1.23 1.25 1.24=" 
15 1.28 1.27 1.27 1.27= 
MEAN 1.24 1.23 1.23 1.23 
SWEEP 
5 1.22 1.19 1.12 1.17" 
10 1.25 1.20 1.22 1.22" 
15 1.32 1.24 1.29 1.28= 
MEAN 1.27 1.21 1.21 1.23 
* Means for a given depth followed by same letter are not significantly different 
at 0.05 level. 
No significant difference between three tool types. 
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Table 5. Ridge cross-section area (cm^) analysis of 
Variance. 
Source df Mean 
square 
P value 
Tool 2 234747.107 0.0001** 
Depth 2 653919.651 0.0001** 
Speed 2 7021.540 0.5678 
Tool * Depth 4 22521.562 0.1293 
Tool * Speed 4 16847.419 0.2509 
Depth * Speed 4 7650.785 0.6493 
Tool * Depth * Speed 8 10456.330 0.5634 
Error 108 12341.510 
Fig 9. The effect of selected ridge construction factors on 
ridged soil cross-section area. 
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deeper depth adjustments. At the two deeper setting for these 
two tools ridge cross-sectional areas were similar. However 
the sweep had a linear effect on cross-sectional area at all 
depth adjustments (Table 6). Ridge cross-sectional area 
ranged from 398 cm^ to 822 cm^. Larger ridges were built with 
the shovel type tool. Field observation indicates that at 
higher speeds with the disk type tool, soil was thrown past 
the ridge center resulting in a smaller average ridge size 
than that which occurred at the medium speed. 
Ridge Form 
Three major ridge forms (Convex, Triangle and Concave-
Convex) resulted from combinations of selected ridge building 
factors. Ridge forms in conjunction with ridge height, RAI, 
and cross-sectional area are needed to develop a useful 
classification for ridges. A Chi-square analysis was used to 
evaluate the selected treatment effects on the ridge form 
(Appendix B). The disk consistently constructed convex form 
ridges, the shovel resulted in triangle shape ridges, the 
sweep at lower speed and shallower depth caused concave-convex 
shape ridge and at higher speed and deeper adjustment resulted 
in triangle shape ridges (Appendix Al, A2, A3). 
Table 6. Ridge cross-sectional area (cm^) of constructed ridges by three different 
tool types. 
DISK SPEED (Km/hr) 
DEPTH (cm) 5 7 9 MEAN 
5 405.3 419.8 398.5 407.9^ 
10 566.5 701.6 608.3 625.53 
15 575.1 719.9 674-2 656.4= 
MEAN 515.6 613.7 560.3 563.2^ 
SHOVEL 
5 580.0 623 .2 606.4 603.2^ 
10 742.6 748-2 732-3 741.0® 
15 776.5 720.5 822.5 773.2^ 
MEAN 699-7 697.3 720.4 705.8* 
SWEEP 
5 471.2 526.0 416.0 471.1= 
10 616.4 588-7 647.7 617.6^ 
15 796.5 704-88 762.4 754.6® 
MEAN 628.0 606.5 608.7 614.4® 
* Means for a given tool followed by same letter are not significantly different 
at 0.05 level. 
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CONCLUSION 
The affect of tool depth adjustment on ridge construction 
and final ridge configuration was the most important factor, 
it influenced all four major ridge characteristics. Depth and 
speed interaction was also significant. Tool type affected 
ridge cross-sectional area and ridge form, but had no 
significant effect on ridge height and RAI. 
A proposed ridge classification can be based on the type 
of data collected. The most desired ridge may depend on soil 
drainage, crop, soil slope, available equipment, or other 
factors. The ideal ridge may differ for each farm or soil 
type. Table 7 represents a suggested classification of ridge 
types. Since measuring ridge cross-section area is difficult 
and since it has high correlation with ridge height, this 
parameter is not included in this classification. 
Simplified measuring methods should also be exercised. 
To determine RAI, a flexible tape measure can be used. 
Measuring across the ridge from center to center of the furrow 
and dividing that by the row spacing determines RAI. 
To measure ridge height fast and easy, a simple 
innovative device and the Pythagorean theorem can be used. 
For a row width of 76 cm a triangle (Fig lOA) with one side 
equal to half of the ridge width, approximately 38 cm, and a 
hypotenuse of 107 cm will make a right triangle if the second 
side is 100 cm. Therefore a device similar to a compass with 
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leg lengths of 107 cm and an angle between the legs of 41.7° 
can be constructed and placed over a ridge (Fig lOB). 
A measuring rod of 100 cm length can be dropped from the top 
of the device to the ridge surface. The length of the rod 
extending above the apex of the device (Fig IOC) is the ridge 
height. By adding a 10 cm extension to the "compass" legs, 
ridge heights of wider (i.e., 96 cm) ridges can be measured. 
An instrument based upon this principle can be developed to 
monitor ridge building operations for all row or ridge widths. 
Table 7. Ridge form and parameters for ridge index (76 cm row spacing). 
SIZE 
SHAPÊ^\ 
SMALL MEDIUM LARGE 
Convex 
H <10 cm 
RAI <1.20 
10 cm <H<18cm 
1.20<RA1<1.25 
H >18 cm 
RAI >1.25 
H <15 cm 10 cm <H<20 cm 
1.15<RAI<1.20 
H >20 cm 
RAI <1.15 RAI >1.20 
H <15 cm 15 cm <H<18 cm 
1.20<RAI<1.30 
H >18 cm 
RAI >1.30 RAI <1.20 
H= Ridge height.  
RAI= Ridge area index; ridge surface area per unit  row length/projected ridge area on a 
horizontal plane. 
Ridge height 
Furrow center Furrow center 
Fig 10. Principle and illustration of a ridge height measuring device. 
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ABSTRACT 
Ridge shape influences absorption of solar radiation, 
rainfall infiltration, and water drainage - thereby, 
controlling the early-spring soil environment. The effects of 
both ridge shape and size on selected soil physical properties 
(soil growing degree days, soil moisture, soil water 
retention, air-filled porosity, and penetration resistance) 
were studied in ridge tillage experiments conducted in 1988 
and 1989. 
Three ridge shape and three ridge sizes were classified 
from five replication of twenty seven ridge building 
treatments. The treatments included factorial combination of 
three tool types, each operated at three speeds and three 
adjustment depths. Soil physical properties were measured 
from early spring to planting time each year. 
All ridges, despite their shape and size, were warmer and 
had higher soil growing degree days (GDD) than a flat surface. 
In moderately dry and warm climatic conditions, soil GDD are 
governed by the shape and size of the ridge; in wet and cool 
conditions the ridges, despite their size and shape, behave 
similarly. Ridge configuration had an effect on the initial 
water content. Drying patterns were similar for different 
ridge sizes and shapes. Neither ridge soil air-filled 
porosity nor soil water desorption was affected by tool type. 
Penetration resistance was significantly lower in the ridge top 
than elsewher in the ridge. 
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INTRODUCTION 
In the northern U.S. Corn Belt, early corn fZea mays L.) 
planting is constrained by wet soil conditions and cool spring 
soil temperatures. Early planting of corn in this area is 
highly desirable. 
Ridge tillage allows early planting, accelerated seedling 
development, and rapid crop emergence, particularly in poorly 
drained soils. Higher temperatures of ridged soils as 
compared to a flat field have been recognized as early as 1733 
(Tull, Jethro. 1829). It has been shown that higher soil 
temperature gave faster emergence, more viability, less 
variability in crop height, and more growth in terms of length 
and weight of seeding corn plants (Halsted and Waksman. 1917). 
More recently, the effect of ridge orientation on soil warming 
and corn emergence was identified (Burrows and Larson, 1962). 
In general, studies have shown that the ridge configuration 
contributes to a warmer and drier seed zone environment than 
that which exists in a flat configuration (Benjamin et al., 
1989; Mahrer and Avissar, 1985; Radke, 1982). 
Variation of soil temperature associated with different 
ridge shapes should be compared to the optimum temperature 
required for early spring planting. Studies have shown that 
even a 1°C change in soil temperature can significantly affect 
corn growth rates (Walker, 1969). These temperature 
modifications were maintained artificially throughout the 
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growing season and were based on average temperature, but 
practically, after the canopy is established soil surface 
configuration has no significant influence on soil temperature 
and crop growth. Apparently, small changes in soil 
temperature can be an important factor at the margin of the 
optimum soil temperature range in either a very short growing 
season or in very warm regions. Several laboratory and field 
studies have shown that corn emergence can be accelerated 1 
day for each 5°C increase of soil temperature in the 10-30°C 
range. In central Iowa the ideal soil temperature at 10 cm 
depth for corn growth appears to be about 24"C (Willis et al., 
1957). Ridges speed up the soil drying process because of 
gravitational effects on water movement, the increased solar 
flux on the ridge shoulder and surface contact expansion 
resulting in more evaporation. The general consensus is that 
spring soil temperatures are reduced with increasing amounts 
of surface residue. About 30 percent of the soil surface is 
residue-covered in a ridged field, and these residues are 
mostly concentrated on the surface of the interrows (Galloway 
et al., 1977). Ridge shape and height have significant 
effects on the amount of soil surface covered with residue and 
the area of bare soil surface at the ridge top. 
Spoor (1975) recommended that tillage should be defined 
not by the implement used but by the resulting soil 
conditions. In a ridge tillage system, soil temperature and 
moisture content become an issue during planting in early 
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spring. However, the environmental condition of the ridged 
soil depends on the ridge shape and size of the ridge, which 
were established in the previous year. 
Ridge tillage produces dissimilar soil conditions and 
soil properties across the ridged surface and at various 
depths. The warmer soil temperature in a ridge is attributed 
to the gravitational drainage of water from ridge and the 
lower specific heat of the ridge (Shaw and Buchele, 1957). 
Soil water and temperature are interrelated due to 
changes in thermal conductivity and heat capacity gradients, 
and other factors. Warming of the soil is delayed under very 
wet conditions because more energy is used for evaporation and 
less for heating the soil and air (Radke, 1982). Decreasing 
soil porosity or increasing soil water content increased 
thermal conductivity (Van Duin, 1956). 
Soil temperature and soil water content are governed by 
several soil physical properties. Soil bulk density, soil 
water desorption curve, soil air-filled porosity and soil 
penetration resistance at different positions and depths of 
the ridge were also measured. These properties have a 
profound influence on soil temperature and soil water content. 
The objective of this study was to evaluate the effect of 
different ridge forms on soil water content and soil 
temperature prior to planting and to evaluate soil physical 
properties that influence the ridged soil environment. 
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MATERIALS AND METHODS 
The experiment was conducted at the Iowa State University 
Agronomy and Agricultural Engineering Research Center west of 
Ames, Iowa. The soil was predominantly Canisteo silty clay 
loam (fine loamy, mixed (calcareous), mesic Typic Haplaquoll). 
The experimental fields were under corn production, and ridges 
were built in July of 1987 and 1988. Corn was planted each 
spring with a 5 row planter on 760 mm row spacings, in an East 
to West direction. Data were collected in the early spring 
following ridge construction the previous summer. 
The experimental design was completely randomized, with 
five replications of 27 treatments. Treatments included three 
commonly used ridging tools (disk, shovel, and sweep) operated 
at three speeds (5, 7, and 9 Km/h) and three depths (50, 100, 
and 150 mm), in factorial combinations. Ridging tools were 
mounted on a 5 row tool bar with 760 mm spacing. For further 
analysis, final ridge configuration was determined based on 
ridge shape and size. There were groups of three ridge shapes 
(convex, triangle, and concave-convex) and three ridge sizes 
(small, medium, and large). These classifications were based 
on the Results and Conclusion of section one (Table 1). 
Experimental plots were 27.5 m in length and 5 rows wide 
(3.8 m). Wheel spacing of 2.3 m allowed the tractor to 
straddle three ridges, resulting in one with no wheel traffic 
Table 1. Ridge shape and size and parameters used to classify the ridge. 
SIZE 
SHAPÉ\^ SMALL MEDIUM LARGE 
Convex 
H <10 cm 
RAI <1.20 
10 cm <H<18cm 
1.20<RAI<1.25 
H >18 cm 
RAI >1.25 
H <15 cm 
RAI <1.15 
10 cm <H<20 cm 
1.15<RA1<1.20 
H >20 cm 
RAI >1.20 
'^'^ ''''concave^ o  ^
H <15 cm 
RAI <1.20 
15 cm <H<18 cm 
1.20<RA1<1.30 
f H >18 cm 
RAI >1.30 
H= Ridge height.  
RAI= Ridge area index; ridge surface area per unit  row length/projected ridge area on a 
horizontal plane. 
in the adjacent inter-rows and four with a wheel track in one 
adjacent inter-row. Each replication included an unridge plot. 
Measurements were taken 7.5 m from the plot edge to limit 
variation due to border effects. The center ridge of each 
plot with no wheel traffic in the adjacent inter-rows was 
selected for measurements (Fig 1). 
Prior to spring planting, the maximum and minimum daily 
soil temperatures were taken at 5 and 10 cm depths in the 
ridge top and at the 5 cm depth in furrows (Fig 2), also in 
unridged plot (flat surface). Digital thermometers were used 
for measurements. Minimum daily soil temperature was obtained 
at sunrise and maximum daily soil temperature at 2:00 PM every 
other day throughout the month of April. Measuring required 
one hour (Fig 2). Air temperature was also recorded. Daily 
air and soil growing degree days (GDD) were calculated as 
explained below. Daily air and soil GDD were calculated in 
°C using the method of Aspiazu and Shaw (1972): 
GDD - 10°C 
2 
Where is the lesser value of daily maximum temperature or 
3 0°C, is the greater value of daily minimum temperature or 
10°C, and 10°C is used as the base temperature for corn growth-
Soil water content at the 5-10 cm depth beneath the ridge 
top (Fig 2) was recorded. Samples were taken every other day 
at noon. The samples were weighed and were oven-dried at 105 
°C for determination of the moisture content on a dry basis 
(Frevert et al., 1959). 
CORN ROW 
WHEEL TRACK 
WHEEL TRACK 
MEASUREMENT Af EA 
CO 
o 
cc 
10 
E 
CD 
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iP>. 
to 
7.5 m 
27.5 m 
Fig 1. Experiment plot diagram with measuring area. 
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Uhland Core Sample Penetration Resistance Sample 
POSITIONS 1, 2, AND 3 POSITIONS 1.2.3. 4. AND 5 
Daptha 0. S, 10.15, AND 20 om 
Soil Temperature Sample (•) Soil Water Content Sample jQ 
POSITION 1 (5 & 10 om Dapths) 9-10 om Banaath tha RIdga Top 
Position 2(5 om) 
Fig 2. Illustration of ridged soil surface and sampling 
positions for four physical property measurements. 
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The largest size ridges built with different tool type 
were selected for additional studies. These ridges were large 
enough to have different soil condition at various positions. 
Soil penetration resistance at five positions, and four 
depths at each position was measured (Fig 2). The instrument, 
a static-tip penetrometer, had a 10 mm diameter cone with a 
45° tip angle. The cone was attached to one end of a 100 cm 
rod. A pressure gauge, attached to a metal compression ring, 
was placed between the opposite rod end and the penetrometer 
handle at the other end. The pressure required to force the 
cone through different depths was recorded as soil penetration 
resistance. 
Uhland soil core samples (76 mm diameter and height) were 
obtained from the ridge top (at surface and 76mm below 
surface) and ridge shoulder (Fig 2). In Figure 2, Uhland core 
sampling position 1 represents the newly rebuilt ridge 
condition, position 2 is the undisturbed condition before and 
after the ridge building operation, and position 3 is a fresh 
surface which is similar to position 1 but also has been 
influenced by horizontal forces from tool operation. 
Measurements performed on all cores included bulk density 
and soil water desorption. Core samples were desorbed on 
pressure cells over a range of soil water tension from 1 kPa 
to 40 kPa, using tension tables (Topp and Zebchuk, 1979; 
Klute, 1986). To quantitatively compare soil water desorption 
curves between samples, the parameters a, and n, were 
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estimated by using a curve-fitting program given by the van 
Genuchten model (Eq. 1). 
0=61 + 
[l+Ca^)"]" (Eq. 1) 
Where, 6, 6^, and 6^ are volumetric, saturated and residual 
soil water content, respectively, h is pressure head, and 
m = 1-1/n. 
Air-filled porosity (AFP) was calculated by subtracting 
the volumetric water content at a given tension from the 
measured saturated water content of each core. The water 
desorption method of determining porosity equates the soil-
pore volume that drains at a tension step to the volume of 
water that is removed over the same tension step (Danielson 
and Sutherland, 1986). 
Analysis of variance of the main effects and interactions 
was performed by using the Statistical Analysis System (SAS) 
(SAS Institute, 1985). A comparison of means was performed, 
by using the LSD (0.05) test, when significant treatment mean 
squares were found (Little and Hill, 1978). 
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RESULTS AND DISCUSSION 
The monthly precipitation, air growing degree days, and 
solar radiation for April of 1988 and 1989 are shown in 
Figure 3. The air growing degree days and rainfall were 
significantly different in the two years of study. 
Soil physical characteristic were analyzed from data 
collected in 1988 and 1989. The five major soil physical 
characteristics were: 1) soil growing degree days (GOD), 
determined by measuring maximum and minimum soil temperature 
at three positions on and two depths in the ridge; 2) soil 
water content at the ridge top; 3) air-filled porosity at 
three different positions; 4) water desorption characteristics 
at three different positions; and 5) soil penetration 
resistance at five different positions. 
Soil Growing Degree Days 
The analysis of variance of soil GDD at different ridge 
positions and depths is shown in Table 2. In 1988 soil GDD at 
the 5 cm depth for the ridge top position significantly 
differed between various ridge shapes and sizes. All ridges 
despite their shape and sizes were warmer and showed higher 
soil GDD than the flat surface. Also, at the same position, 
soil GDD at the 10 cm depth were moderately higher than that 
for the flat surface. As the ridge size increased, soil GDD 
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GDD, Solar radiation, and precipitation for the month of April in 1988 and 
Table 2. Soil growing degree days analysis of variance for 1988. 
Source df 
GDD 5 cm 
Ridge Top 
GDD 10 cm 
Ridge Top 
GDD 5 cm 
Furrow 
Mean 
square 
F value Mean 
square 
F value Mean 
square 
F value 
Shape 2 35.500 8.89** 30.833 7.48** 1.735 1.82 
Size 2 25.911 6.49** 27.465 6.66** 5.521 5.80 
Shape*Size 4 6.546 1.64 4.440 1.08 0.301 0.32 
LOF® (Error) 18 3.995 0.98 4.123 2.72** 0.953 0.47** 
Rep*Treatment 104 1.055 0.843 0.353 
indicate 0.01 levels of significance, respectively. 
Lack Of Fit (LOF) was used to test uneven number of observation within treatments. 
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significantly increased (Fig 4). At the furrow position the 
soil GDD were less than for the flat surface, and ridge size 
had an inverse relation to soil GDD measured in the furrow 
(Fig 4). Furrows between larger ridges had lower soil GDD, 
which may have been caused by an increased shading effect on 
the furrow. Crop residue accumulation in the furrow may also 
had an effect in soil GDD due to insulating the soil. 
Ridge shape significantly affected soil GDD. Triangular 
shaped ridges had the highest, and convex shape the next 
highest soil GDD at both 5 and 10 cm depths (Fig 5). 
Observation indicated that ridges with concave-convex shape 
trapped some residue on the ridge top which caused lower soil 
GDD than other shapes. Shape did not affect soil GDD in the 
furrow position. 
Cooler and wetter conditions in 1989 resulted in 
different results than those observed in 1988 (Table 3). 
Ridge shape and size did not significantly effect soil GDD 
(Fig 6 and 7). Wet conditions delayed the soil surface 
warming process. A liner relationship between air and soil 
GDD is expected for specific tillage and residue management 
(Gupta et al., 1983). A comparison of air GDD and soil GDD 
for both years of study demonstrated this relationship (Fig 
8). Soil GDD in moderately dry and warm climatical conditions 
are governed by the shape and size of the ridge; in wet and 
cool conditions the ridges, despite their different size and 
shape, behave similarly (Fig 9). 
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Fig 4. Cumulative soil GDD 1988 for different ridge size 
and depths; A) 5 cm depth on the ridge top and flat 
surface; B) 10 cm depth on the ridge top and 5 cm 
depth flat surface; C) 5 cm depth in the furrow and 
flat surface. 
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Fig 5. Cumulative soil GDD 1988 for different surface 
configuration and depths; A) 5 cm depth on the ridge 
top and flat surface; B) 10 cm depth on the ridge 
top and 5 cm depth flat surface; C) 5 cm depth in 
the furrow and flat surface. 
Table 3. Soil growing degree days analysis of variance for 1989. 
Source df 
GDD 5 cm 
Ridge Top 
GDD 10 cm 
Ridge Top 
GDD 5 cm 
Furrow 
Mean 
square 
F value Mean 
square 
F value Mean 
square 
F value 
Shape 2 2.839 2.91 2.222 3.65 3.060 1.84 
Size 2 1.895 1.94 0.893 1.46 8.690 0.16 
Shape*Size 4 0.432 0.44 0.103 0.17 0.224 0.97 
LOF® (Error) 18 0.976 0.07 0.609 0.06 1.661 3.39 
Rep*Treatment 104 0.655 0.406 0.631 
® Lack Of Fit (LOF) was used to test uneven number of observation within treatments. 
No significance 
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Fig 6. Cumulative soil GDD 1989 for different ridge size 
and depths; A) 5 cm depth on the ridge top and flat 
surface; B) 10 cm depth on the ridge top and 5 cm 
depth flat surface; C) 5 cm depth in the furrow and 
flat surface. 
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Fig 7. Cumulative soil GDD 1989 for different surface 
configuration and depths; A) 5 cm depth on the ridge 
top and flat surface; B) 10 cm depth on the ridge 
top and 5 cm depth flat surface; C) 5 cm depth in 
the furrow and flat surface. 
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Fig 9. Soil GDD at the 5 cm depth in the ridge top for two contrasting ridge 
types in 1988 and 1989. 
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Soil Water Content 
Neither ridge shape nor size had a significant effect on 
soil water content 5-10 cm below the surface of the ridge 
tops. Results were similar in both 1988 and 1989 (Table 4), 
yet rain pattern were importantly different. The mean soil 
water content values are summarized (Table 5). Although the 
ridge configuration had no significant effect on water content 
of the sampled position, it had an effect on the initial water 
content of the ridge (Fig 10). The drying pattern was similar 
for ridges with different configurations. The drying rate was 
slightly faster for the ridge than for the flat surface. 
Figure 10 illustrates different water contents between two 
different ridge configurations and the flat surface, and also 
shows that after each rain event, measured soil water content 
was similar regardless of ridge configuration. 
Soil Air-filled Porosity 
The mean values of measured soil air-filled porosity are 
given (Table 6). Tool types had no significant effect on this 
soil property. Also there was no difference in soil air-
filled porosity at three measurement positions in the ridge. 
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Table 4. Analysis of variance for soil water content in 
1988 and 1989. 
1988 1989 
Source df 
Mean F Mean F 
square value square value 
Shape 2 2.205 0. 04 13.543 0.74 
Size 2 4.385 0. 08 7. 664 0.42 
Shape*Size 4 77.560 1.35 20.582 1.12 
LOF® (Error) 18 57.392 10. 61** 18.348 9.49** 
Rep*Treatment 104 53.235 9.84** 27.718 14.34** 
** indicate 0.01 levels of significance. 
® Lack Of Fit (LOF) was used to test uneven number of 
observation within treatments. . 
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Table 5. Mean values of the soil water content (5-10 cm 
depth) as affected by ridge shape and size in 1988 
and 1989. 
(1988)^ 
SHAPE 
SIZE 
Avg. 
Small Medium Large 
Convex 25.8 
tn=110 
25.0 
n=275 
25.7 
n=55 25.5 
Triangle 23.9 
n=55 
25.6 
n=385 
25.5 
n=165 25.0 
Concave-Convex 25.7 
n=2 20 
25.4 
n=165 
24.1 
n=55 25.1 
Avg. 25.1 25.3 25.1 
(1989)'' 
Convex 20.8 
tn=130 
20.3 
n=325 
20.7 
n=65 t
o o
 
6 
Triangle 20.3 
n=65 
20.6 
n=455 
21.0 
n=195 20. 6 
Concave-Convex 20.6 
n~2 6 0 
20.5 
n=195 
19.7 
n=65 20. 3 
Avg. 20.6 20.5 20.5 
^ MSE = 57.4 = LOF MS from table 4. 
MSE = 18.3 = LOF MS from table 4. 
fn, is determined as the product of number of rep and days by 
treatments, for the shape and size combination. 
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Fig 10. Ridge configuration effect on soil water content at the ridge top, 5-10 cm 
depth, in 1988 and 1989. 
Table 6. Effect of Tool type and position on soil air-filled porosity. 
TOOLS 
Soil Air-filled Porosity at 
Matric Potential KPa 
— 1 —3 —5 —10 —15 —20 —25 —30 —40 
Disk 
Shovel 
Sweep 
.074 .188 .216 .244 .237 .265 .270 .275 .281 
.079 .179 .207 .232 .244 .253 .257 .262 .268 
.073 .170 .193 .215 .227 .235 .259 .244 .249 
POSITION 
PCS 1 .087 .193 .216 .237 .249 .257 .280 .265 .270 
POS 2 .067 .176 .207 .235 .230 .258 .263 .268 .274 
POS 3 .071 .168 .194 .218 .229 .237 .243 .247 ,253 
POS= Positions; 1) ridge top, 2) ridge center 10 cm below surface, 3) ridge 
shoulder (see Fig 2, Uhland core samples ). 
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Soil Water Desorption Characteristic 
Drainage of excess water from the ridge directly 
influences drying and indirectly affects evaporation and 
warming. Soil water characteristic curves for ridges 
constructed with three tool types were determined. The effect 
of tool type on measured soil properties and soil volumetric 
water content at a given matric potential was not significant. 
However, the a parameter in equation [1] (Material and 
Methods) was different for the shovel than the other tools. 
This suggests that more rapid desorption of the soil water 
between -1 and -3 KPa matric potential (Table 7) may occur 
with the shovel due to larger pores resulting from ridge 
building with the shovel. Soil porosity and bulk density at 
position one were significantly different from those of other 
positions (Table 7). Significant differences in a and soil 
volumetric water between positions both indicate that water 
drained differently at higher matric potentials; however 
slopes of desorption curves, as indicated by n, was similar 
between positions. A significant interaction contrast existed 
between the shovel and sweep tool types, and position one and 
other positions (Fig 11). Both positions one and three 
contained displaced soil due to ridge building, however 
position three was also subjected to lateral pressure by the 
tool. 
Table 7. Effect of tool type and position on porosity, bulk density, and water 
retention curve. 
<f> Pb a n 
Volumetric Water Content (%) at 
Matric Potential KPa 
-1 -3 -5 -10 -20 -40 -100 -1500 
TOOLS 
Disk 56.5^ 1.15® .294^ 1.193® 
Shovel 55.1® 1.20® .619® 1.188® 
Sweep 54.6® 1.19® .275" 1.184® 
49.1 37.7 34.8 32.1 30.0 28.4 25.5 17.6 
47.3 37.2 34.5 31.9 29.9 28.3 23.2 16.5 
47.3 37.7 35.3 33.1 31.1 29.7 25.9 18.3 
POS^ 
PCS 1 56.0® 1.16" .527® 1.198® 
PCS 2 55.2" 1.19® .305" 1.199® 
PCS 3 55.0" 1.19® .355®" 1.168® 
47.3 36.8 34.5 32.3 30.4 29.0 22.9 16.0 
48.5 37.6 34.6 31.7 29.4 27.8 24.0 16-3 
47.9 38.2 35.5 33.1 31.2 29.6 26.7 19.1 
(j) = Porosity (%) 
Pb = Bulk density (Mg/m^) 
a and n = estimated parameters from Van Genuchtens model 
' POS= Position (see Fig. 2) 
Values in a column followed by the same letter are not significantly different. 
0.5 
0.4 
POSITION 1 
10 100 1000 1E4 1E6 
POSITION 2 
POSITIONS 
10 100 1000 1E4 1E5 1E6 
POSITION 3 
-a-SWEEP 
m 
10 100 1000 1E4 1E6 
MATRIG POTENTIAL (-cm) 
Fig 11. Soil water desorption characteristics for two tool types and three 
positions. 
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Soil Penetration Resistance 
Soil penetration resistance among the different ridge 
types constructed with different tool types, was anticipated 
to vary due to the use of different soil moving mechanisms. 
Analysis of variance showed no soil penetration resistance 
differences between the ridge building tools. However, the 
depth of measurement effect was significant and this also had 
an interaction with position. The average penetrometer 
measurements from three tool types for each position and depth 
are given (Table 8). Position three at the ridge center was 
expected to have the lowest resistance, which was found for 
all depths except that nearest the surface (Fig 12). 
At the surface, positions 2 and 4 displayed the lowest soil 
penetration resistance. These ridges were approximately 20 cm 
high at the center. Half of the soil in this size of ridge is 
from displaced and disturbed soil. The other half is 
basically undisturbed and similar throughout the field. 
Therefore, no significant differences are shown for the deeper 
measurements. Soil penetration resistance for the center 
position at 10 cm depth was significantly lower than that at 
the other positions, which may have been caused by void 
spacing between the old and new surface at ridge building 
time. Figure 13 shows that the disk built the least symmetric 
ridges, resulting in asymmetrical soil penetration resistance 
values. 
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Table 8. Soil penetration resistance means (KPa) as affected 
by position and depth. 
DEPTHS 
fern) 
POSITION 
LSD 
It 2 3 4 5 
0 179.49® 58. 46": 114.87^ 92. 31= 185. 13®b 68.51 
5 514.34®'' 425. 13bc 395.90= 425. 13bc 561. 03® 111.28 
10 829.23® 832. 31® 645.13b 838. 97® 757. 95®b 157.23 
15 1076.92® 1023. 59® 1046.15® 1013. 85® 1024 . 61® 167.62 
20 1318.46®'' 1179. 4gb 1246.67®'' 1283 . 59®b 1419. 49® 186.53 
t Positions as described in figure 2. 
Means followed by same letter within each row are not 
significantly different at 0.05 level. 
30o 
Q 
Fig 12. Soil penetration resistance as affected by position 
and depths in the ridge top. 
DISK SHOVEL SWEEP 
s s *oo M % 
m 
Fig 13. Soil penetration resistance as affected by position and depth with 
each tool type. 
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CONCLUSIONS 
Soil GDD in ridges were consistently higher than those 
for a flat surface. Soil GDD in moderately dry and warm 
condition are governed by the shape and the size of the ridge. 
As the ridge size increased, soil GDD significantly increased. 
Triangular shaped ridges had the highest soil GDD. Concave-
convex shape ridges trapped some residue on the ridge top 
which caused lower soil GDD than other ridge shapes. In wet 
and cool conditions, all ridges, despite their size or shape, 
behaved similarly. Soil GDD in the furrows were lower than 
those for the flat surface, which were caused by residue 
accumulation and shading effect on the furrow. Air GDD and 
soil GDD show a highly correlated relationship. 
Ridge configuration had an effect on initial water 
content. Drying patterns were similar for different ridges. 
Drying rate was slightly faster for ridges than for the flat 
surface. After each rain event measured soil water content 
regardless of size or shape of the ridge was similar, 
therefore frequency of rainfall occurrence become more 
important than rainfall intensity. 
Neither ridge shape nor size had a significant effect on 
measured soil air-filled porosity or soil water desorption 
curves. Penetration resistance was significantly lower in the 
ridge top compared to other positions. Penetration resistance 
was not symmetric in ridge shoulder positions. 
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GENERAL SUMMARY 
In the last 10 years, ridge-tillage has increased from 
1.9 million to 3.2 million acres in the U.S., and from 267,255 
acres to 799,64 6 acres in the Corn Belt regions. Ridge 
tillage generally allows earlier planting, rapid emergence, 
and accelerated seedling development compared to that 
occurring with flat systems. Ridge shape and size influence 
surface residue distribution, absorption of solar radiation, 
rainfall infiltration, and water drainage. These factors, in 
turn, influence the soil environment, and most importantly, 
soil conditions at planting time. Yet, no standards exist to 
quantify either ridge size or shape. 
Final ridge configuration, depends on several factors. 
Initial soil conditions, soil type, tool type, speed and 
depth of operation all theoretically should affect soil 
movement and the resulting ridge form. It was hypothesized 
that relationships could be drawn between management factors, 
i.e., tool type, speed of tool operation, and depth 
adjustment. The objectives of these papers was to: 1) 
determine the effect of selected ridge construction factors on 
ridge configuration, and to quantify the final ridge 
characteristics; and 2) determine the effect of ridge 
configuration on soil physical properties. Ridges were 
constructed with three tool types, each operated at three 
speeds and three adjustment depths in factorial combination. 
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This resulted in twenty seven treatments with five 
replications. Ridge form, height, cross-sectional area, and 
soil-air interface area were characteristics used 
individually, or in combination, to quantitatively define a 
ridge. Three shapes (convex, triangle, and concave-convex) 
were used to describe the resulting configurations. A ridge 
index was established, based on the shape and size of the 
ridge. 
Tool depth adjustment was the most important factor in 
influencing ridge form; it influence all four major ridge 
characteristics. The depth and speed interaction was also 
significant. Ridge height ranged from 87 mm to 220 mm, and 
the ridge area index ranged from 1.12 to 1.32. Tool type did 
not effect ridge cross-sectional area. The shovel tool 
created ridges with the highest cross-sectional area. Ridge 
height and cross-sectional area were highly correlated. 
The effect of ridge shape and size on soil growing degree 
days (GDD), soil water content, and soil physical properties 
that influence the ridge soil environment was determined prior 
to planting. For both years of the study, air GDD and soil 
GDD demonstrated a linear relationship. Soil in ridges was 
consistently warmer than that for a flat surface. Soil GDD in 
moderately dry and warm conditions are governed by the shape 
and size of the ridge. As the ridge size increased, soil GDD 
significantly increased. Triangular shaped ridges had the 
highest soil GDD. However, in wet and cool conditions, all 
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ridges, despite their size or shape, behaved similarly with 
regard to soil temperature. Likewise, neither ridge shape 
size significantly affected soil water content or other 
physical properties. 
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APPENDIX A: RIDGE SHAPES BUILT WITH DIFFERENT TREATMENTS 
Al RIDGE FORMS BUILT WITH DISKS 
IMPLEMENT DEPTH S cm , IMPLEMENT SPEED 5 Km/hr IMPLEMENT DEPTH 5 cm , IMPLEMENT SPEED 7 Km/hr IMPLEMENT DEPTH 5 cm . IMPLEMENT SPEED 9 KmAir 
RIDGE FORM RIDGE FORM RIDGE FORM 
38 76 0 76 0 38 38 
ROW WIDTH ROW WIDTH (cm) ROW WIDTH (cm) 
IMPLEMENT DEPTH 10 cm . IMPLEMENT SPEED 5 Km/hr IMPLEMENT DEPTH 10 em , IMPLEMENT SPEED 9 Km/hr IMPLEMENT DEPTH 10 cm . IMPLEMENT SPEED 7 Km/hr 
RIDGE FORM RIDGE FORM RIDGE FORM 
0 38 76 0 36 76 0 38 76 
ROW WintH fcxr%\ ROW WIDTH fcml ROW WIDTH fnml 
IMPLEMENT DEPTH 15 cm . IMPLEMENT SPEED 5 Km/hr IMPLEMENT DEPTH 15 cm , IMPLEMENT SPEED 9 Km/hr IMPLEMENT DEPTH 15 cm . IMPLEMENT SPEED 7 Km/hr 
gso 
38 76 38 38 76 
RIDGE FORM RIDGE FORM RIDEG FORM 
ROW WIDTH (cm) ROW WIDTH (cm) ROW WIDTH (cm) 
RIDGE FORMS BUILT WITH SHOVELS 
IMPLEMENT DEPTH 5 cm , IMPLEMENT SPEED 7 Km/hr IMPLEMENT DEPTH 5 cm . IMPLEMENT SPEED 5 Km/hr IMPLEMENT DEPTH 5 cm . IMPLEMENT SPEED 9 Km/hr 
RIDGE FORM RIDGE FORM RIDGE FORM 
38 
ROW WIDTH (cm) 
76 38 78 38 76 
ROW WinTH tr.m\ ROW WIDTH trm\ 
MPLEMENT DEPTH 10 cm , IMPLEMENT SPEED 5 Km/hr IMPLEMENT DEPTH 10 cm , IMPLEMENT SPEED 7 Km/hr IMPLEMENT DEPTH 10 cm , IMPLEMENT SPEED 9 Km/hr 
-BRIDGE FORM 
-BRIDGE FORM RIDGE FORM 
38 
ROW WIDTH (cm) 
38 
ROW WIDTH frml 
38 
ROW WIDTH frmi 
03 
O 
IMPLEMENT DEPTH 15 cm . IMPLEMENT SPEED 5 Km/hr IMPLEMENT DEPTH 15 cm . IMPLEMENT SPEED 7 Km/hr IMPLEMENT DEPTH 15 cm , IMPLEMENT SPEED 9 Km/hr 
38 76 38 76 38 76 
RIDGE FORM RIDGE FORM RIDGE FORM 
ROW WIDTH (cm) ROW WIDTH (cm) ROW WIDTH (cm) 
A3 RIDGE FORMS BUILT WITH SWEEPS 
IMPLEMENT DEPTH 5 cm , IMPLEMENT SPEED 5 Km/hr IMPLEMENT DEPTH 5 cm , IMPLEMENT SPEED 7 Km/hr IMPLEMENT DEPTH 5 cm , IMPLEMBfT SPEED Ô Km/hr 
RIDGE FORM RIDGE FORM RIDGE FORM 
0 38 76 0 38 76 0 30 70 
ROW WIDTH fnml ROW WIDTH fcml ROW WIDTH 
IMPLEMENT DEPTH 10 cm , IMPLEMENT SPEED 5 Km/hr IMPLEMENT DEPTH 10 cm IMPLEMENT SPEED 7 Km/hr IMPLEMENT DEPTH 10 cm , IMPLEMENT SPEED 9 Km/hr 
—RIDGE FORM -^R DGE FORM 
-BRIDGE FORM 
38 
ROW WIDTH (c.m\ 
38 
ROW WIDTH fcm) 
38 
ROW WIDTH (cm) 
CO 
H 
IMPLEMENT DEPTH 15 cm , IMPLEMENT SPEED 5 Km/hr IMPLEMENT DEPTH 15 cm , IMPLEMENT SPEED 9 Km/hr IMPLEMENT DEPTH 15 cm . IMPLEMENT SPEED 7 Km/hr 
RIDGE FORM RIDGE FORM RIDGE FORM 
38 
ROW WIDTH (cm) 
76 38 
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APPENDIX B: ADDITIONAL STATISTICAL INFORMATION (PAPER I) 
8 3  
TABLE 1 OF DEPTH BY FORM 
CONTROLLING FOR TYPE=1 
DEPTH FORM 
I 3| Total 
F requency 
Expected 
Cell Chi-S 
Percent 
Row Pet 
Col Pet 
1 6 7 2 
2.6667 11.667 0.6667 
re 4.1667 1.8667 2.6667 
13.33 15.56 4.44 
40.00 46.67 13.33 
75.00 20.00 100.00 
2 0 15 0 
2.6667 11.667 0.6667 
2.6667 0.9524 0.6667 
0.00 33.33 0.00 
0.00 100.00 0.00 
0.00 42.86 0.00 
3 2 13 0 
2.6667 11.667 0.6667 
0.1667 0.1524 0.6667 
28.89 0.00 
13.33 86.67 0.00 
25.00 37.14 0.00 
Total 8 35 2 
17.78 77.78 4.44 100 
15 
33.33 
15 
33.33 
15 
33.33 
45 
TABLE 2 OF DEPTH BY FORM 
CONTROLLING FOR TYPE=2 
DEPTH 
Frequency 
Expected 
Cell Chi-Square 
Percent 
Row Pet 
Col Pet 
Total 
FORM 
I i! 2 1  
10 
10.667 
0.0417 
22.22 
66.67 
31.25 
0 
1 
1 
,00 
,00 
,00 
11 
10.667 
0,0104 
24.44 
73.33 
34.38 
6 
20 
100 
11 
10.667 
0.0104 
24.44 
73.33 
34.38 
32 
71.11 
3 
6.67 
3 
1 
4 
,67 
,00 
,00 
0 
1 
1 
, 00  
.00 
,00  
+ 
5 
3.3333 
0.8333 
11.11 
33.33 
50.00 
+ 
1 
3.3333 
1.6333 
2.22 
6.67 
10.00 
+ 
4 
3.3333 
0.1333 
8.89 
26.67 
40.00 
+ 
10 
Total 
15 
33.33 
15 
33.33 
15 
33.33 
45 
22.22 100.00 
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TABLE 3 OF DEPTH BY FORM 
CONTROLLING FOR TYPE=3 
DEPTH FORM 
11 2 |  
Frequency 1 1 1 13 
Expected 3.3333 4.6667 7 
Cell Chi-Square 1.6333 2.881 5.1429 
Percent 2.22 2.22 28.89 
Row Pet 6.67 6.67 86.67 
Cot Pet 10.00 7.14 61.90 
2 6 1 8 
3.3333 4.6667 7 
2.1333 2.381 0.1429 
13.33 2.22 17.78 
AO. 00 6.67 53.33 
60.00 7.14 38.10 
3 3 12 0 
3.3333 4.6667 7 
0.0333 11.524 7 
6.67 26.67 0.00 
20.00 80.00 0.00 
30.00 85.71 0.00 
Total 10 14 21 
22.22 31 .11 46.67 10 
TABLE 1 OF SPEED BY FORM 
31 Total 
15 
33.33 
15 
33.33 
15 
33.33 
45 
CONTROLLING FOR TYPE=1 DEPTH=1 
SPEED FORM 
Frequency 1 j 5 0 0 5 
Expected 2 2.3333 0.6667 
Cell Chi-Square 4.5 2.3333 0.6667 
Percent 33.33 0.00 0.00 33.33 
Row Pet 100.00 0.00 0.00 
Col Pet 1 83.33 0.00 0.00 
2 I 1 3 1 5 
2 2.3333 0.6667 
0.5 0.1905 0.1667 
6.67 20.00 6.67 33.33 
20.00 60.00 20.00 
1 16.67 42.86 50.00 
3 I 0 4 1 5 
2 2.3333 0.6667 
2 1.1905 0.1667 
0.00 26.67 6.67 33.33 
0.00 80.00 20.00 
1 0.00 57.14 50.00 
Total 6 7 2 15 
40.00 46 .67 13.33 100 .00 
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TABLE 2 OF SPEED BY FORM 
CONTROLLING FOR TYPE=1 DEPTH=2 
SPEED FORM 
I II 21 
Total 0 15 
0.00 100.00 
Frequency 1 0 5 0 
Expected 0 5 0 
Cell Chi-Square 0 
Percent 0.00 33.33 0.00 
Row Pet 0.00 100.00 0.00 
Col Pet 
• 
33.33 
• 
2 0 5 0 
0 5 0 
0 
0.00 33.33 0.00 
0.00 100.00 0.00 
. 33.33 . 
3! Total 
33.33 
0 5 0 
0 5 0 
0 
0.00 33.33 0.00 
0.00 100.00 0.00 
• 
33.33 
33.33 
33.33 
0 15 
0.00 100.00 
TABLE 3 OF SPED BY FORM 
CONTROLLING FOR TYPE=1 DEPT=3 
SPED FORM 
Frequency 
Expected 
Cell Chi-Square 
Percent 
Row Pet 
Col Pet 
1| 
• I  
0 
0.6667 
0.6667 
0 .00  
0 .00  
0.00 
5 
4.3333 
0.1026 
33.33 
100.00 
38.46 I 
0 
0 
0 . 0 0  
0 .00  
Total 
5 
33.33 
2 2 3 0 5 
0.6667 4.3333 0 
2.6667 0.4103 
13.33 20.00 0.00 33.33 
40.00 60.00 0.00 
100.00 23.08 
• 
3 0 5 0 5 
0.6667 4.3333 0 
0.6667 0.1026 
0.00 33.33 0.00 33.33 
0.00 100.00 0.00 
0.00 38.46 
• 
Total 2 13 0 15 
13 .33 86.67 0 .00 100 .00 
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TABLE 4 OF SPEED BY FORM 
CONTROLLING FOR TYPE=2 DEPTH=1 
SPEED 
Frequency 
Expected 
Cell Chi-Square 
Percent 
Row Pot 
Col Pet 
Total 
FORM 
I 
0 0 5 
3.3333 0 1.6667 
3.3333 6.6667 
0.00 0.00 33.33 
0.00 0.00 100.00 
0.00 100.00 
5 
3.3333 
0.8333 
33.33 
100.00 
50.00 
0 
0 
0.00 
0.00 
10 
66.67 
0 
.00 
3! Total 
33.33 
— +  
0 
1.6667 
1.6667 
0.00 
0.00 
0 .00  
—+ 
5 0 1 0 
3.3333 0 1.6667 
0.8333 . 1.6667 
33.33 0.00 0.00 
100.00 0.00 0.00 
50.00 . 1 0.00 
5 
33.33 
33.33 
33.33 
15 
100.00 
TABLE 5 OF SPEED BY FORM 
CONTROLLING FOR TYPE=2 DEPTH=2 
SPEED 
Frequency 
Expected 
Cell Chi-Square 
Percent 
Row Pet 
Col Pet 
Total 
FORM 
I 
I 
5 
3.6667 
0.4B48 
33.33 
100.00 
45.45 
0 
1 
1 
.00  
,00 
,00 
1 
3.6667 
1.9394 
6.67 
20.00 
9.09 
20 
60 
100 
3 
1 
4 
,00 
, 00  
,00 
5 
3.6667 
0.4848 
33.33 
100.00 
45.45 
0 
1 
1 
,00 
, 0 0  
,00 
11 
73.33 
3 
20.00 
— + 
0 
0.3333 
0.3333 
0.00 
0.00 
0 .00  
—+ 
1 
0.3333 
1.3333 
6.67 
20.00 
100.00 
—+ 
0 
0.3333 
0.3333 
0.00 
0 . 0 0  
0 .00  
+  
1 15 
6.67 100.00 
31 Total 
I 
I 
I 
I 
I 
33.33 
33.33 
33.33 
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TABLE 6 OF SPEED BY FORM 
CONTROLLING FOR TYPE=2 DEPTH=3 
SPEED FORM 
I 
Frequency 1 2 0 3 
Expected 3.6667 0 1.3333 
Cell Chi-Square 0.7576 2.0833 
Percent 13.33 0.00 20.00 
Row Pet 40.00 0.00 60.00 
Col Pet 18.18 
• 
75.00 
2 5 0 0 
3.6667 0 1.3333 
0.4848 1.3333 
33.33 0.00 0.00 
100.00 0.00 0.00 
45.45 
• 
0.00 
3 4 0 1 
3.6667 0 1.3333 
0.0303 0.0833 
26.67 0.00 6.67 
80.00 0.00 20.00 
36.36 
• 
25.00 
Total 11 0 4 
73.33 0 .00 26.67 100 
TABLE 7 OF SPEED BY FORM 
CONTROLLING FOR TYPE=3 DEPTH =1 
SPEED FORM 
1| 2 3| 
Frequency 1 0 0 5 
Expected 0.3333 0.3333 4.3333 
Cell Chi-Square 0.3333 0.3333 0.1026 
Percent 0.00 0.00 33.33 
Row Pet 0.00 0.00 100.00 
Col Pet 0.00 0.00 ] 38.46 
2 j 0 j 0 1 5 
0.3333 0.3333 4.3333 1 
1 0.3333 0.3333 0.1026 
0.00 0.00 33.33 
0.00 0.00 100.00 
I 0.00 1 0.00 I 38.46 
3 1 1 1 1 3 
0.3333 0.3333 4.3333 
1.3333 1.3333 0.4103 
6.67 6.67 20.00 
20.00 20.00 60.00 
I 100.00 j 100.00 23.08 
Total 1 1 13 
6 67 6 67 86.67 100. 
Total 
33.33 
33.33 
33.33 
15 
Total 
33.33 
33.33 
33.33 
15 
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TABLE 8 OF SPEED BY FORM 
CONTROLLING FOR TYPE=3 DEPTH=2 
SPEED 
Frequency 
Expected 
Cell Chi-Square 
Percent 
Row Pet 
Col Pet 
Total 
FORM 
1 
0 0 5 
2 0.3333 2.6667 
2 0.3333 2.0417 
0.00 0.00 33.33 
0.00 0.00 100.00 
0.00 0.00 62.50 
2 0 3 
2 0.3333 2.6667 
0 0.3333 0.0417 
13.33 0.00 20.00 
40.00 0.00 60.00 
33.33 0.00 37.50 
3j Total 
33.33 
4 1 0 
2 0.3333 2 6667 
2 1.3333 2 6667 
26.67 6.67 0.00 
80.00 20.00 0.00 
1 66.67 100.00 0.00 
6 
40.00 
1 a 
33.33 
33.33 
15 
6.67 53.33 100.00 
TABLE 9 OF SPEED BY FORM 
CONTROLLING FOR TYPE=3 DEPTH=3 
SPEED 
Frequency 
Expected 
Cell Chi-Square 
Percent 
Row Pet 
Col Pet 
Total 
FORM 
I 31 Total 
3 2 0 5 
1 4 0 
4 1 
20.00 13.33 0.00 33.33 
60.00 40.00 0.00 
100.00 1 16.67 
• 
2 0 5 
1 4 
1 0.25 
0.00 33.33 0 
0.00 100.00 0 
0.00 ! 41.67 1 
33.33 
0 5 0 5 
1 4 0 
1 0.25 
0 00 33.33 0.00 33.33 
0 00 100.00 0.00 
0 00 41.67 
• 
3 12 0 15 
.00 80.00 0 .00 100 .00 
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SPEED 
TABLE 1 OF SPEED BY FORM 
CONTROLLING FOR TYPE=1 
FORM 
F requency 
Expected 
Deviation 
Cell Chi-Square 
Percent 
Row Pet 
col Pet 
Total 
21 
5 
2.6667 
2.3333 
2.0417 
11.11 
33.33 
62.50 
10 
11.667 
-1.667 
0.2381 
22.22 
66.67 
28.57 
3 
2.6667 
0.3333 
0.0417 
6.67 
20.00 
37.50 
11 
11.667 
-0.667 
0.0381 
24.44 
73.33 
31.43 
0 
2.6667 
•2.667 
2.6667 
0.00 
0 .00  
0.00 
14 
11.667 
2.3333 
0.4667 
31.11 
93.33 
40.00 
8 
17.78 
35 
77.78 
+ 
0 
0.6667 
-0.667 
0.6667 
0.00 
0.00 
0.00 
1 
0.6667 
0.3333 
0.1667 
2.22 
6.67 
50.00 
1 
0.6667 
0.3333 
0.1667 
2.22  
6.67 
50.00 
— + 
2 
Total 
15 
33.33 
15 
33.33 
15 
33.33 
45 
4.44 100.00 
SPEED 
TABLE 2 OF SPEED BY FORM 
CONTROLLING FOR TYPE=2 
FORM 
Frequency 
Expected 
Deviation 
Cell Chi-Square 
Percent 
Row Pet 
Col Pet 
Total 
' I  
7 
10.667 
•3.667 
1.2604 
15.56 
46.67 
21.87 
Û 
1 
- 1  
1 
0.00 
0 .00  
0.00 
11 
10.667 
0.3333 
0.0104 
24.44 
73.33 
34.38 
14 
10.667 
3.3333 
1.0417 
31.11 
93.33 
43.75 
32 
71.11 
3 
.67 
3 
1 
2 
4 
6.67 
20.00 
100.00 
0 
1 
•1 
1 
0.00 
0.00 
0.00 
+ 
8 
3.3333 
4.6667 
6.5333 
17.78 
53.33 
80.00 
— + 
1 
3.3333 
-2.333 
1.6333 
2.22 
6.67 
10.00 
1 
3.3333 
-2.333 
1.6333 
2.22 
6.67 
10.00 
+ 
10 
Total 
15 
33.33 
15 
33.33 
15 
33.33 
45 
22.22 100.00 
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SPEED 
TABLE 3 OF SPEED BY FORM 
CONTROLLING FOR TYPE=3 
FORM 
I Total 
Frequency 
Expected 
Deviation 
Cell Chi-Square 
Percent 
Row Pet 
Col Pet 
3 2 10 15 
3.3333 4.6667 7 
•0.333 -2.667 3 
0.0333 1.5238 1.2857 
6.67 4.44 22.22 33.33 
20.00 13.33 66.67 
30.00 14.29 47.62 
2 5 8 15 
3.3333 4.6667 7 
•1.333 0.3333 1 
0.5333 0.0238 0.1429 
4.44 11.11 17.78 33.33 
13.33 33.33 53.33 
20.00 35.71 38.10 
5 7 3 15 
3.3333 4.6667 7 
1.6667 2.3333 -4 
0,8333 1.1667 2.2857 
11.11 15.56 6.67 33.33 
33.33 46.67 20.00 
50.00 50.00 1 14.29 
Total 10 
22.22 31 
14 
, 1 1  
21 
46.67 
45 
100.00 
TABLE 1 OF SPEED BY FORM 
CONTROLLING FOR TYPE=1 
SPEED FORM 
I 1 1  
Frequency 
Expected 
Cell Chi-Square 
Percent 
Row Pet 
Col Pet 
5 
2.6667 
2.0417 
1 1 . 1 1  
33.33 
62.50 
10 
11,667 
0.2381 
22.22 
66.67 
28.57 
Total 
3 
2.6667 
0.0417 
6.67 
20.00 
37.50 
11 
11.667 
0.0381 
24.44 
73.33 
31.43 
0 
2.6667 
2.6667 
0.00 
0.00 
0.00 
14 
11.667 
0.4667 
31.11 
93.33 
40.00 
Total 8 
17.78 77 
35 
78 
0 
0.6667 
0.6667 
0.00 
0.00 
0 .00  
—+ 
1 
0.6667 
0.1667 
2 .22  
6.67 
50.00 
— + 
1 
0.6667 
0.1667 
2.22 
6.67 
50,00 
2 45 
44 100.00 
15 
33.33 
15 
33.33 
15 
33.33 
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TABLE 2 OF SPEED BY FORM 
CONTROLLING FOR TYPE=2 
SPEED FORM 
1 
F requency 1 7 0 8 
Expected 10.667 1 3.3333 
Cell Chi-Square 1.2604 1 6,5333 
Percent 15.56 0.00 17.78 
Row Pet 46.67 0.00 53.33 
Col Pet 21.87 0.00 80.00 
2 11 3 1 
10.667 1 3.3333 
0.0104 4 1.6333 
24.44 6.67 2,22 
73.33 20.00 6.67 
34.38 100.00 10.00 
3 14 0 1 
10.667 1 3,3333 
1.0417 1 1,6333 
31.11 0,00 2,22 
93.33 0.00 6,67 
43.75 0.00 10,00 
Total 32 3 10 
71 .11 6.67 22 ,22 IOC 
TABLE 3 OF SPEED BY FORM 
CONTROLLING FOR TYPE=3 
SPEED FORM 
1 1| 2| 3 
Frequency 1 ! 3 2 10 
Expected 3.3333 4.6667 7 
Cell Chi-Square 0.0333 1.5238 1,2857 
Percent 6.67 4.44 22.22 
Row Pet 20.00 13.33 66,67 
Col Pet 1 30.00 14.29 47.62 
15 
33.33 
15 
33.33 
15 
33.33 
45 
Total 
15 
33.33 
2 2 5 8 15 
3.3333 4.6667 7 
0.5333 0,0238 0.1429 
4.44 11,11 17.78 33.33 
13.33 33,33 53.33 
. 
20.00 35,71 38.10 
3 5 7 3 15 
3.3333 4,6667 7 
0.8333 1,1667 2,2857 
11.11 15,56 6,67 33.33 
33.33 46,67 20,00 
50.00 50,00 14.29 
Total 10 14 21 45 
22 .22 31 .11 46.67 100 .00 
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TABLE OF TYPE BY FORM 
TYPE FORM 
Frequency 
Cell Chi-Square 
Percent 
Row Pet 
Col Pet 
Total 
8 
4.5067 
5.93 
17.78 
16.00 
35 
18.006 
25.93 
77.78 
67.31 
32 
14.107 
23.70 
71.11 
64.00 
3 
11.853 
2.22 
6.67 
5.77 
10 
2.6667 
7.41 
22.22 
20.00 
14 
0.641 
10.37 
31.11 
26.92 
50 
37.04 
52 
38.52 
+ 
2 
7.3636 
1.48 
4.44 
6.06 
— + 
10 
0.0909 
7.41 
22.22 
30.30 
—+ 
21 
9.0909 
15.56 
46.67 
63.64 
33 
24.44 
Total 
45 
33.33 
45 
33.33 
45 
33.33 
135 
100.00 
TABLE OF SPEED BY FORM 
SPEED FORM 
1 2 1 3 Total 
F requency 1 15 12 18 45 
Cell Chi-Square 0.1667 1.641 4.4545 
Percent 11.11 8.89 13.33 33.33 
Row Pet 33.33 26.67 40.00 
Col Pet 30.00 23.08 54.55 
2 16 19 10 45 
0.0267 0.1603 0.0909 
11.85 14.07 7.41 33.33 
35.56 42.22 22.22 
32.00 36.54 30.30 
3 19 21 5 45 
0.3267 0.7756 3.2727 
14.07 15.56 3.70 33.33 
42.22 46.67 11.11 
38.00 40.38 15.15 
Total 50 52 33 135 
37.04 38.52 24 .44 100 .00 
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TABLE OF DEPTH BY FORM 
DEPTH FORM 
1 1| 2| 3j Total 
Frequency 1 
Cell Chi-Square 
Percent 
Row Pet 
Col Pet 
17 
0.0067 
12.59 
37.78 
34.00 
8 1 20 45 
5.0256 7.3636 
5.93 14.81 33.33 
17.78 44.44 
15.38 j 60.61 
2 17 
0.0067 
12.59 
37.78 
34.00 
19 I 9 45 
0.1603 0.3636 
14.07 6.67 33.33 
42.22 20.00 
36.54 ! 27.27 
3 16 
0.0267 
11.85 
35.56 
32.00 
25 
3.391 
18.52 
55.56 
48.08 
4 45 
4.4545 
2.96 33.33 
8.89 
12.12 
Total 50 52 33 135 
37.04 38.52 24.44 100.00 
TABLE OF DEPTH BY FORM 
DEPTH FORM 
1 1j 2| 3} Total 
Frequency 1 1 17 
Expected 16.667 
Cell Chi-Square 0.0067 
Percent 12.59 
Row Pet 37.78 
Col Pet 1 34.00 
8 
17.333 
5.0256 
5.93 
17.78 
15.38 
20 I 45 
11 
7.3636 
14.81 33.33 
44.44 
60,61 I 
2 ! 17 
16.667 
0.0067 
12.59 
37.78 
1 34.00 
19 
17.333 
0.1603 
14.07 
42.22 
36.54 
9 1 45 
11 
0.3636 
6,67 33.33 
20,00 
27.27 1 
3 16 
16.667 
0.0267 
11,85 
35.56 
32,00 
25 
17.333 
3.391 
18.52 
55.56 
48.08 
4 45 
11 
4,4545 
2,96 33.33 
8.89 
12.12 
Total 50 52 33 135 
37.04 38.52 24,44 100.00 
94 
TABLE OF DEPTH BY FORM 
DEPTH 
Frequency 
Expected 
Cell Chi-Square 
Percent 
Row Pot 
Col Pet 
Total 
FORM 
I II 
17 
16.667 
0.0067 
12.59 
37.78 
34.00 
8 
17.333 
5.0256 
5.93 
17.78 
15.38 
17 
16.667 
0.0067 
12.59 
37.78 
34.00 
19 
17.333 
0.1603 
14.07 
42,22 
36.54 
16 
16.667 
0.0267 
11.85 
35.56 
32.00 
25 
17.333 
3.391 
18.52 
55.56 
48.08 , 
50 
37.04 
52 
38.52 24 
+ 
20 
11 
7.3636 
14.81 
44.44 
60.61 
+ 
9 
11 
0.3636 
6.67 
20.00 
27.27 
+ 
4 
11 
4.4545 
2.96 
8.89 
12.12 
+ 
33 135 
,44 100.00 
Total 
45 
33.33 
45 
33.33 
45 
33.33 
